The amount of residual embolus was 49% in control animals, 28% after heparin (200 U/kg loading dose and 800 U/kg/24 h maintenance dose), and 6% after high dose streptokinase (250,000 U loading dose and 100,000 U/h maintenance dose); it was 31% after low dose streptokinase (25,000 U loading dose and 10,000 U/h maintenance dose), 7% after low dose streptokinase with heparin, 14% after very low dose streptokinase (5,000 U/h without a loading dose) with heparin, and 9% after short course streptokinase (250,000 U loading dose and no maintenance dose) with heparin.
A B S T R A C T Thrombolytic agents may be useful in acute pulmonary embolism, but their optimal dosage remains uncertain. We have examined the relative efficacy of heparin and different doses of streptokinase, either alone or in combination, in acute experimental pulmonary embolism. A standardized massive embolus of autologous blood clot incorporating canine ["1I]-fibrinogen was given to 40 dogs; the degree of resolution after 24 h was quantitated by measuring the radioactivity in the lungs and was compared with detailed postmortem observations. The amount of residual embolus was 49% in control animals, 28% after heparin (200 U/kg loading dose and 800 U/kg/24 h maintenance dose), and 6% after high dose streptokinase (250,000 U loading dose and 100,000 U/h maintenance dose); it was 31% after low dose streptokinase (25,000 U loading dose and 10,000 U/h maintenance dose), 7% after low dose streptokinase with heparin, 14% after very low dose streptokinase (5,000 U/h without a loading dose) with heparin, and 9% after short course streptokinase (250,000 U loading dose and no maintenance dose) with heparin.
The combination of heparin and low doses or brief courses of streptokinase appeared to be synergistic and produced as much resolution as did standard high dose streptokinase alone. The enhanced resolution of pulmonary emboli in heparin-treated animals may have been due to the prevention by heparin of further deposition of fibrin on the embolus. It appears that dosage regimens of thrombolytic therapy other than those in current use may be worthy of clinical examination.
INTRODUCTION
Thrombolytic agents have theoretical advantages over conventional anticoagulant drugs in the treatment of acute pulmonary embolism. Thus, although heparin has been shown to be clinically effective (2) (3) (4) (5) (6) and to reduce mortality (7) , thrombolytic agents have the potential advantage of producing accelerated lysis of the emboli (8) . The use of streptokinase (SK) 1 and urokinase has been investigated in both experimental (9- 13) and clinical (14) (15) (16) (17) (18) (19) (20) (21) venous thrombosis and pulmonary embolism, and direct comparisons have confirmed that greater early resolution occurs after thrombolytic therapy than after heparin in both experimental (22) and clinical (21, 23) pulmonary embolism.
There is little information, however, concerning the optimal dosage regimens of SK or urokinase administration. In 1959, Johnson and McCarty (11) showed that intermediate maintenance doses of SK were more effective than high doses in producing lysis of experimental venous thrombi in man. Nevertheless, in most recent clinical studies, SK has been given in a standard high dosage regimen designed to produce rapid and sustained plasminogen depletion and a demonstrable systemic fibrinolytic state (24, 25) .
We have developed a model of experimental pulmonary embolism in dogs which permits quantitation of the degree of lysis of the emboli (26 
METHODS

Animals
Adult mongrel dogs of average weight 19 kg (range 10-29 kg) of either sex were used. They had been quarantined for at least 3 wk and had been vaccinated against disteml)er and canine hepatitis. All were in good clinical health and no evidence of cardiopulmonary disease was found at subsequent autopsy.
Fibrinogen
Canine fibrinogen was prepared as described elsewhere (27) and was over 90%o clottable. 10 mg of fibrinogen was labeled with approximately 500 GCi of 'I by the iodine monochloride technique (28) ; it was subsequently diluted with 90 mg of unlabeled fibrinogen and divided into 10 aliquots (each containing 10 mg of fibrinogen and approximately 50 ACi of 'I) which were frozen at -70'C. Embolus A standardized massive embolus was given to each animal (26, 29) . Autologous blood (1.5 ml/kg of body weight) was taken 24 h before embolization into anticoagulant (9 parts of blood to 1 part of 3.8% trisodium citrate) and allowed to stand for 6 h at 200C to permit decay of spontaneous fibrinolytic activity and thus to prevent in vitro lysis of the clot before embolization. The blood was then thoroughly mixed with a dose of labeled fibrinogen and an aliquot of 0.1 ml taken to prepare a standard for calculation of the total amount of radioactivity injected. The labeled blood was rapidly mixed with calcium (0.1 ml 0.25 M calcium chloride per 10 ml of blood) and thrombin (bovine origin, Parke, Davis & Company, Detroit, Mich.) (10 U per 10 ml of blood) and run into a long, thin-walled, polythene tube of 5 mm ID, where it was permitted to clot and to retract over 18 h at 20'C.
Anesthesia
The animals were tranquillized with acepromazine maleate (Atravet, Ayerst Laboratories, Montreal, Quebec, Canada), 2.5 mg/kg by intramuscular injection i h before venesection or general anesthesia. Light general anesthesia was induced with sodium pentobarbital (Nembutal, Abbott Laboratories, Montreal, Que.), 20 mg/kg by intravenous injection, and was continued for the duration of the experiment (24 h) with a dose of 2.5 mg/kg/h given by continuous infusion from a syringe pump (model 942, Harvard Apparatus Co., Inc., Millis, Mass.).
Embolization
The tube containing the labeled clot was 
Drug regimens
All drugs were given by continuous infusion from the syringe pump via the catheter in the right atrium at a rate of 2 ml/h for 24 h, commencing at the time of embolization. Loading doses were given immediately before embolization. There were seven treatment groups. Group 1. Sterile isotonic saline was given to eight control animals.
Group 2. Sodium heparin (hog mucosa origin, approximately 120 U/mg based on protamine sulphate neutralization, M. T. C. Pharmaceuticals, Hamilton, Ontario, Canada) was given to six animals in a loading dose of 200 U/kg and a maintenance dose of 800 U/kg/24 h, which prolonged the partial thromboplastin time to 2-2.5 times control (cf. Results).
Groups 3-7 were given different regimens of SK (Streptase, lot 401, Hoechst Pharmaceuticals, Montreal, Quebec, Canada) designed to produce the following fibrinolytic effects, which are described in further detail under Results.
Group 3. SK was given to seven animals in "high" dose, viz, a loading dose of 250,000 U over 10 min and a maintenance dose of 100,000 U/h. This produced a moderate and sustained reduction in the euglobulin lysis time and a marked increase in the area of fibrin plate lysis and in the lysis of radioactive fibrin clots.
Group 4. SK was given to five animals in "low" dose, viz, a loading dose of 25,000 U and a maintenance dose of 10,000 U/h. This produced a moderate but transient reduction in the euglobulin lysis time. The lysis of radioactive fibrin clots was moderately increased after the loading dose and mildly increased thereafter.
Group 5. The same low dose of SK as in group 4, together with the same dose of heparin as in group 2, was given to four animals. Group 6. SK was given to six animals in "very low" dose, viz. 5,000 U/h without a loading dose, together with the same dose of heparin as in group 2. This produced minimal changes in the euglobulin lysis time and a slight increase in the lysis of radioactive fibrin clots. Group 7. SK was given to four animals in a "short" course, viz. the same loading dose as in group 3 but no maintenance dose, together with the same dose of heparin as in group 2. This produced a moderately shortened euglobulin lysis time at 1 h but no shortening thereafter.
Assessment of residual embolus
Af ter 24 h, each animal was given 4,000 U of heparin intravenously and sacrificed by exsanguination from the wide-bore catheter in the right atrium. Exsanguination was continued until no further blood could be removed by syringe. The thoracic contents were removed en bloc, the heart and lungs were dissected and the macroscopic appearance of the embolus as far as the second order pulmonary arteries was recorded in detail and quantitated as described below. The whole lungs were then homogenized in 0.1 M sodium hydroxide containing 20%o urea in a final volume of approximately 400 ml and triplicate aliquots of approximately 4 ml were taken for counting. The amount of residual embolus was assessed both visually and by measuring the radioactivity in the lungs.
Visual method. The amount of visible embolus was scored on two separate occasions by two independent observers who had no knowledge either of the drug regimen given or of the measurements of lung radioactivity. The basis for scoring was a modification of a method recently described for the visual quantitation of lung scans (21) . Each lung was divided into five approximately equal areas -upper lobe, middle lobe, medial and lateral parts of the lower lobe, and main pulmonary artery on each side. The amount of embolus in each area was assessed as completely filling the vessels (1 point), as incompletely filling the vessels (0.5 point), or as not detectable (0 point). The points for each area wvere summed to arrive at a total rating on a scale from 0 to 10. In assessing the amount of residual embolus, there was agreement between the two assessors to within 0.5 point 83%o of the time and to within 1 point 98%o of the time. Similarly, the two assessors agreed with themselves, from one occasion to another, to within 0.5 point 88% of the time and to within 1 point 94% of the time.
Radioactive method. Radioactivity was assayed in an automatic gamma spectrometer (model 5212, Packard Instrument Co., Inc., Downers Grove, Ill.). The average deviation f rom the mean value for the counts of the triplicate lung aliquots was ±5.5%. It has previously been shown by one of the authors (30) and by Dellenbeck and Chien (31) that approximately 11%c of the radioiodine label on canine fibrinogen is associated with fibrinopeptide B., which is split off from fibrinogen by thrombin on conversion to fibrin. It was considered invalid to regard the radioactivity associated with fibrinopeptide B as representing embolus; therefore, the amount of radioactivity representing the initial embolus was considered to be 89% of the amount of radioactivity initially injected. The amount of radioactivity remaining in the lungs was considered to represent residual embolus and was expressed as a percentage of the amount of radioactivity representing the initial embolus, i.e., 89% of injected radioactivity.
Serial measurements of circulating radioactivity were also made 1, 2, 3, 4, 5, 6, and 24 h after embolization. The total amount of radioactivity circulating at any one time was calculated by assuming a blood volume of 70 ml/kg of body wt. The amounts of thrombin-clottable and of trichloracetic acid-precipitable radioactivity were measured.
Coagulation tests
Blood was taken before and 1, 4, and 24 h after embolization for measurement of the following: hematocrit, platelet count (32), thrombin clotting time (TT) (33), activated partial thromboplastin time (PTT) (34), fibrinogen (35) , plasminogen (36) , euglobulin lysis time (37) , area of fibrin plate lysis (38) , paracoagulation phenomenon using the protamine sulphate test (39) , titer of fibrin degradation products (FDP) using a tanned red cell hemagglutination inhibition assay (40) for which an antibody against canine fibrinogen had been raised in rabbits and adsorbed against canine serum, and SK resistance (24) .
The systemic fibrinolytic state was also assessed by measuring the lysis of radioactive clots, a technique modified from that described by Alkjaersig, Fletcher, and Sherry (33) . Briefly, 1-ml aliquots of pooled canine plasma containing approximately 1 ACi of "SI-labeled canine fibrinogen were clotted with thrombin. The clot was permitted to retract at 20'C for 6 h and then wound onto a wooden stick. The clot was immersed in 1 ml of test plasma at 37'C for 30 min and then withdrawn. The amount of radioactivity released into the test plasma was calculated as a percentage of the total amount of radioactivity initially present in the clot.
Assessment of bleeding
In each animal, the amount of bleeding over 24 h from the cutdown sites was assessed semiquantitatively by the same observer without knowledge of the drug regimen being used. The criteria for normal or abnormal bleeding were established after observations during an earlier study in untreated dogs (26) . Bleeding wvas assessed from the time of suture of the cutdown sites. The amount of bleeding was considered normal if blood loss either did not occur or stopped within 5 min of suture.
Statistical methods
The degree of resolution of emboli in the different treatment groups was initially examined using a one-day analysis of variance (41) . Each group was then compared with each of the other groups by using Duncan's "Multiple Range Test" (42) as modified by Kramer (43) Table I . There was close agreement in the average values for each treatment group and in addition, the individual results of the two methods were highly correlated (r = 0.82, P < 0.001). However, the radioactive method was considered to be the more precise, especially for smaller amounts of embolus, and was used for the detailed comparisons of the different treatment groups.
Degree of resolution of emboli. From the measurements of lung radioactivity, analysis of variance showed that there were highly significant differences in the percentage of residual embolus at 24 h among the seven treatment groups (P < 0.001). These differences were then examined in detail and each treatment group was compared with each of the other treatment groups by using Kramer's modification of Duncan's "Multiple Range Test."
In the control group (group 1), 49% of the initial amount of embolus remained at 24 h. This was considerably more than in any of the other treatment groups and the difference between the control group and each of the six other groups was highly significant (P <0.01).
Moderately increased resolution was seen after heparin (group 2) and low dose SK (group 4). Resolution was comparable among these two groups and each of these two groups showed significantly more resolution than the control group (P < 0.01) and significantly less resolution than each of the other four treatment groups (P < 0.01).
Virtually complete resolution was seen after high dose SK (group 3), low dose SK plus heparin (group 5), very low dose SK plus heparin (group 6) and short course SK plus heparin (group 7). Resolution was comparable among these four groups and, as noted above, was highly significantly more than in the control group (P < 0.01) or in either of the other two treatment groups (P < 0.01).
Released radioactivity. The difference in the amounts of lysis between the various treatment groups was also reflected in the serial levels of circulating radioactivity ( Figs. 1 and 2 ), but the inhomogeneity and hence different clearance rates of the breakdown products of fibrin preclude any more exact calculations. These measurements also provided general information on the time-course of lysis of the emboli. Over 80% of the circulating radioactivity was in the trichloracetic acidprecipitable fraction of the plasma and none was thrombin clottable. The level of circulating radioactivity at 1 h and over the 24-h period corresponded to the amount of lysis of the embolus as demonstrated by the measurement of residual radioactivity in the lungs. Animals given high loading doses of SK (groups 3 and 7) showed the highest early peak of released radioactivity, suggesting that much of the lysis demonstrated at 24 h had in fact occurred within the first few hours.
After low loading doses of SK (groups 4 and 5) there was a moderate early peak of released radioactivity. In animals given either heparin or heparin plus very low dose SK (groups 2 and 6) there was no early peak but a more sustained plateau of released radioactivity, suggesting that the amount of lysis demonstrated at 24 h had occurred more gradually.
The significance of the differences in the amounts of released radioactivity among the seven different treat- (Table  II) . There were no significant differences between SKtreated and control animals in TT or plasma fibrinogen but serum FDP levels were higher in animals given high dose SK than in any other treatment group.
Systemic fibrinolytic activity showed a sustained increase in animals given high dose SK (Fig. 3) . Animals given low dose and short course SK showed a transient increase in fibrinolytic activity (Fig. 4) . It was not possible to quantitate accurately the minimal fibrinolytic effect of very low dose SK by using the euglobulin lysis time. This effect was therefore examined by using the radioactive clot lysis test and was compared with the effect in animals given low dose and high dose SK (Fig. 5) . This test demonstrated a dose-response relation for the three SK regimens, with mildly increased systemic fibrinolytic activity in animals given very low dose SK, a greater increase in those given low dose SK, and the greatest increase in those given high dose SK.
The plasma plasminogen level remained unchanged except in animals given high dose SK, in which is showed a moderate and progressive fall from an initial level of 3.6 Committee on Thrombolytic Agents (CTA) U/ml to 2.6 CTA U/ml at 24 h. The protamine sulphate test and hematocrit showed no significant changes after embolism in any group. The mean SK resistance was 55,000 U (SD 19,000 U).
A progressive and significant fall in platelet count was noted in saline-treated animals. The mean platelet count was 81% of the pre-embolism value after 1 h (P<0.05), 79% after 4 h (P<0.01), and 62% after 24 h (P < 0.005). There were no significant changes in platelet count after embolism in heparin-treated animals.
Assessment of bleeding. The distinction between normal and abnormal bleeding was always clear-cut with the criteria outlined above. Abnormal bleeding from cutdown sites usually lasted several hours and was noted in none of the control animals, one of six animals given heparin, three of seven animals given high dose SK, two of six animals given very low dose SK and heparin, and two of four animals given short course SK and heparin.
Postmortem findings. Postmortem examination of the lungs was made in each animal. The lungs appeared pale and no blood was noted in the pulmonary arterial tree, confirming the thoroughness of exsanguination. Large pulmonary hemorrhages were seen in four of the seven animals given high dose SK but in none of the animals in any other treatment group. In the other three of these seven animals (in each of which a pulmonary artery catheter had been inserted briefly for initial pressure measurements) there were hemorrhagic areas in the right ventricular myocardium but no myocardial hemorrhages were seen in catheterized animals in any other treatment group.
DISCUSSION
The principles of thrombolytic therapy have been established by the fundamental studies of Fletcher, Sherry, and Alkjaersig (33, (44) (45) (46) (47) (48) and the thrombolytic agents SK and urokinase have been extensively investigated in both experimental (9-13) and clinical (14) (15) (16) (17) (18) (19) (20) (21) venous thrombosis and pulmonary embolism. However, the optimal dosage regimen of thrombolytic drugs such as SK is still uncertain. SK is usually given in a standard high dose regimen which produces and maintains plasminogen depletion (24, 25) , a therapeutic approach which has two major shortcomings: (a) hemorrhage, which can at times be serious, is common in patients with recent vascular trauma (18, 25) ; (b) if rethrombosis occurs while the circulating plasminogen is depleted, the recurrent thrombus is likely to be resistant to lysis (11) . Although rethrombosis may be prevented by the anticoagulant effect of a high titer of fibrin split products, the decline of this titer towards normal is unpredictable and the patient may be unprotected for a variable length of time. Concomitant heparin administration is considered inadvisable since it could aggravate an already high risk of bleeding.
Alternative regimens of thrombolytic therapy which do not have these limitations would clearly be desirable. However, it would be difficult to evaluate the relative efficacy of a number of different therapeutic regimens in clinical pulmonary embolism because of the problem of obtaining sufficient numbers of cases suitable for detailed investigation.
For these reasons, it was decided to evaluate a number of different regimens for SK therapy in acute experimental pulmonary embolism. Difficulties, however, have been experienced with the quantitation of experimental pulmonary emboli (13, 26, 49, 50) . Pulmonary angiography (13, (49) (50) (51) (52) and lung scanning (50, 52, 53) are semiquantitative and postmortem recovery of the embolic material (50, 51, 54, 55) while more quantitative may fail to include the emboli from all the very small vessels. We have therefore used an alternative method which permitted more accurate quantitation of the degree of resolution of experimental pulmonary emboli. group at the end of the experiment was only 5-10% of the initial radioactivity, if one assumes a pulmonary blood volume of approximately 20% of the total blood volume, only 1-2% of the initial radioactivity could have been present in the pulmonary circulation before exsanguination. Thus, after exsanguination, the overestimate of residual pulmonary embolus due to the presence of the soluble radioactive fragments is probably less than 1% of the initial radioactivity. The present experimental method also has the limitation that it uses an in vitro clot rather than an in vivo thrombus for embolization. However, the structure and dimensions of this type of in vitro clot are comparable to those of large, recent, peripheral venous thrombi which are considered to be the cause of most major clinical pulmonary emboli (56) . Furthermore, the amount of resolution of emboli in control animals in the present study was similar to the degree of resolution described by others for emboli derived from in vivo thrombi in dogs (13, 55) . Finally, there was a progressive fall in platelet count in control animals but not in heparin-treated animals, a finding comparable with observations made by Thomas and associates (57) (58) (59) using experimental emboli derived from in vivo thrombi.
In control animals, approximately half of the embolus remained after 24 h, confirming observations by others that in the dog there are effective mechanisms for the removal of emboli from the lungs (12, 13, 54, 55, 60-62).
Compared to control animals, heparin-treated dogs showed considerably enhanced resolution of emboli after 24 h. Heparin was given in a dose which was comparable on a body weight basis to the dose commonly used in man and which prolonged the partial thromboplastin time to approximately 2-2.5 times control.
50r-
In the present study, the amount of resolution of pulmonary emboli was assessed by counting residual radioactivity in exsanguinated homogenized lungs. This method was compared with independent, quantitative visual assessment of the amount of embolus found at postmortem examination. While the individual results of the two methods were highly correlated and the average results of the two methods were similar for each treatment group, the visual method was considered to be less precise because of the difficulty in visually detecting all emboli in smaller vessels. The radioactive method was therefore used for the detailed analyses of the different treatment regimens.
The radioactive method has the theoretical limitation that it includes some circulating radioactivity in the 
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Heparin has been previously reported to decrease the size of experimental venous thrombi and pulmonary enmboli (63) (64) (65) . The mechanisms by which heparin could produce this effect include (a) prevention of deposition of new fibrin onto the embolus, thus facilitating spontaneous resolution (63, 64, (66) (67) (68) (69) , (b) inhibition of thrombin-induced platelet release and aggregation, thus preventing accretion of platelets on the surface of the embolus (57) (58) (59) , and (c) a direct thrombolytic effect (65, 70, 71) .
In our study, heparin had no fibrinolytic effect as reflected by tests of systemic fibrinolytic activity. However, our results are consistent with observations made by others that platelets are deposited onto recent pulmonary emboli, an effect which is inhibited by heparin (57) (58) (59) . It is suggested that the enhanced resolution of pulmonary emboli in heparin-treated animals may have been due to the reduction by heparin of fibrin and platelet deposition onto the embolus, thus facilitating natural resolution.
The present study demonstrated that in experimental pulmonary embolism a number of different regimens of SK combined with heparin were as effective as standard high doses of SK. Thus, the combination of low dose, very low dose, or short course SK, combined with heparin, produced as much resolution as high dose SK alone. The synergistic effect of heparin on low doses and short courses of SK can probably be explained by the prevention by heparin of further deposition of fibrin on the embolus.
Cutaneous hemorrhages were common in animals given high dose SK or any dose of SK combined with heparin. Extensive pulmonary and myocardial hemorrhages were seen in all animals given high dose SK but in none of the other treatment groups, suggesting that combined therapy might be associated with a lower risk of visceral hemorrhage.
It is uncertain how far our experimental findings can be extended to the clinical situation. The present model has several potential limitations, including species differences between dog and man in the natural history of pulmonary emboli, the use of an in vitro clot rather than an in vivo thrombus, and the relative resistance of canine plasminogen to activation by SK (72) . Nevertheless, the results are sufficiently promising to suggest that alternative regimens of thrombolytic therapy should be explored clinically. Preliminary observations on the clinical use of combined therapy with low dose SK and full dose heparin in patients with angiographically proven iliofemoral venous thrombosis and pulmonary embolism have been encouraging and have demonstrated the safety and feasibility of such a regimen (73) . Since heparin may have beneficial effects through inhibition of some of the bronchial and vascular responses to emboli (57-59, 74, 75) , the use of heparin in full dosage in combination with a modified SK regimen in an attractive therapeutic possibility in pulmonary embolism.
